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Abstract 
The synaptic tag and capture (STC) hypothesis provides an important theoretical basis for understanding the synaptic 
basis of associative learning. We recently provided pharmacological evidence that calcium‑permeable AMPA recep‑
tors (CP‑AMPARs) are a crucial component of this form of heterosynaptic metaplasticity. Here we have investigated 
two predictions that arise on the basis of CP‑AMPARs serving as a trigger of STC. Firstly, we compared the effects of 
the order in which we delivered a strong theta burst stimulation (TBS) protocol (75 pulses) and a weak TBS protocol 
(15 pulses) to two independent inputs. We only observed significant heterosynaptic metaplasticity when the strong 
TBS preceded the weak TBS. Second, we found that pausing stimulation following either the sTBS or the wTBS for 
~20 min largely eliminates the heterosynaptic metaplasticity. These observations are consistent with a process that is 
triggered by the synaptic insertion of CP‑AMPARs and provide a framework for establishing the underlying molecular 
mechanisms.
Keywords: Synaptic tag and capture, Synapse specificity, Synaptic efficacy, Synaptic potentiation, Heterosynaptic 
plasticity, Metaplasticity, Learning, Memory
© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creat iveco mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco 
mmons .org/publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
Introduction
The concept of synaptic tag and capture (STC) was intro-
duced to explain how input-specificity of synaptic plas-
ticity could be maintained in the presence of de novo 
protein synthesis. In the initial pioneering experiments it 
was shown that a strong induction protocol to one input 
not only generated a protein synthesis-dependent form 
of long-term potentiation (LTP) at that input but was 
able to enable a subsequent weak induction protocol at 
an independent input to generate a larger and more sus-
tained LTP [8]. The original proposed mechanism is that 
a sufficiently strong induction protocol initiates cell-wide 
protein synthesis to generate plasticity-related proteins 
(PRPs) and that the weak protocol sets a synaptic tag 
that enables these locally-tagged synapses to capture 
PRPs. Since the discovery of this STC phenomenon there 
has been a massive effort to understand the underlying 
molecular mechanisms that are responsible for the for-
mation of PRPs and the identity of the synaptic tag, given 
the relevance of this synaptic process to associative learn-
ing and memory [22].
Previously, we showed that calcium-permeable 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
receptors (CP-AMPARs) are transiently expressed dur-
ing some forms of LTP at Schaffer collateral-commis-
sural synapses [16, 20] and proposed that these could be 
involved in the STC process. Recently, we provided direct 
evidence that this was indeed the case. We found that if 
we pharmacologically inhibited CP-AMPARs, during and 
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shortly following the strong induction protocol, then the 
facilitation of LTP in response to the weak induction pro-
tocol was eliminated [18]. Therefore, we proposed that 
the synaptic activation of CP-AMPARs is involved in the 
triggering of PRPs, and that these newly synthesized pro-
teins are engaged by the weak induction protocol to facil-
itate the LTP on the independent input. We also found 
that inhibiting CP-AMPARs during and following just 
the weak induction protocol resulted in a partial inhibi-
tion of the facilitation of LTP. We proposed therefore that 
CP-AMPARs are also required during induction of LTP 
by the weak input for the full heterosynaptic metaplastic 
effect to be observed.
This mechanism leads to two predications, that we have 
tested in the present study using theta burst stimulation 
(TBS) protocols. First, this CP-AMPAR-based mecha-
nism requires the strong induction protocol to precede 
the weak one, since multiple trains are required to drive 
CP-AMPARs to the synapse under the recording condi-
tions of our experiments. Second, on the assumption that 
once inserted CP-AMPARs need to be activated synap-
tically to elicit their effect, then stopping stimulation 
should mimic the effects of pharmacological inhibition 
of CP-AMPARs, in terms of the alterations in synaptic 
strength. To test these predications we interleaved four 
sets of experiments where the weak induction protocol 
comprised a single episode of TBS, termed weak TBS 
(wTBS; 15 stimuli), and the strong induction protocol 
comprised three episodes of TBS that were spaced in time 
with an inter-episode interval of 10 min, termed spaced 
TBS (sTBS; 75 stimuli). For set A, we delivered the wTBS 
30 min after the sTBS, to replicate the control experi-
ments reported previously [18]. For set B, we reversed 
the order of presentation of the sTBS and wTBS. For sets 
C and D, we reverted to sTBS before wTBS but stopped 
stimulation of both inputs immediately following either 
the sTBS (set C) or the wTBS (set D). Our observations 
are entirely consistent with the notion that CP-AMPARs 
are inserted as a result of the sTBS to enable enhanced 
LTP to be induced on an independent input by the wTBS. 
They are also consistent with the idea that CP-AMPARs 
are additionally engaged by the wTBS to contribute to the 
induction of the facilitated LTP. Therefore CP-AMPARs 
are crucial for this form of heterosynaptic metaplasticity. 
They do so by initiating a heterosynaptic priming effect, 
where they both locally trigger de novo protein synthesis 
and tag inputs for heterosynaptic metaplasticity.
Results
To compare the effects of the order of presentation of 
the weak and strong induction protocols we used two 
protocols:
For set A, we delivered the sTBS 30 min before 
the wTBS was delivered to an independent input. 
As described previously for a different data set, this 
greatly facilitated the magnitude of LTP induced by the 
wTBS  (Fig.  1), via a process that we refer to as heter-
osynaptic priming [18]. For example, the level of the LTP 
induced by a wTBS (averaged over a 1 min period, 90 min 
following TBS) was 124 ± 4%, n = 8 (Fig. 1a, d) and 156 
± 7%, n = 11 (Fig. 1b, d) in the absence or presence of 
heterosynaptic priming (p = 0.0023, one-way ANOVA 
with Bonferroni’s post hoc test,  F(2, 24) = 7.76). As noted 
previously [18], the LTP induced by a sTBS, but not that 
induced by a wTBS, was also associated with a small het-
erosynaptic LTP (Fig. 1a, b).
For set B, we reversed the order of presentation of the 
TBS (Fig. 1c, e). We found that the level of LTP induced 
by the wTBS was not significantly different whether a 
heterosynaptic priming stimulus was delivered (132 ± 
7%, n = 8) or not (124 ± 4%, n = 8, p = 0.7370, one-way 
ANOVA with Bonferroni’s post hoc test). We noted a 
trend for an enhanced response (also see summary plots 
in Fig. 1f ), but this effect could be attributed to the small 
heterosynaptic LTP induced by the sTBS.
To test the effects of stopping stimulation we compared 
two additional protocols (Fig.  2). For set C, we stopped 
stimulation for 20 min following the third TBS episode 
(Fig.  2a, c); in addition, during the sTBS protocol we 
also stopped stimulation for most of the time following 
the second TBS episode. When compared to the experi-
ments of set A, we found that the level of LTP induced 
by the wTBS (118 ± 6%, n = 9) was effectively identi-
cal to that observed following the wTBS in the absence 
of heterosynaptic priming (Fig.  1d, 2f; p = 0.9716, one-
way ANOVA with Bonferroni’s post hoc test) and was 
significantly less than that when heterosynaptic priming 
was employed (p = 0.0002, one-way ANOVA with Bon-
ferroni’s post hoc test,  F(2,25) = 12.13). Thus, interrupting 
stimulation during and following the sTBS completely 
prevented the STC process from occurring.
For set D, we stopped stimulation for 20 min follow-
ing the wTBS episode. We found that the level of LTP 
induced by the wTBS following heterosynaptic prim-
ing (135 ± 5 %, n = 12) was significantly less than that 
observed when there was no pause in stimulation follow-
ing the wTBS (Fig. 1b, d, 2f; p = 0.0215, one-way ANOVA 
with Bonferroni’s post hoc test) and not significantly dif-
ferent from that observed in the absence of heterosynap-
tic priming (Fig. 1a, d, 2f; p = 0.4539, one-way ANOVA 
with Bonferroni’s post hoc test,  F(2,28) = 7.39). The trend 
for enhanced LTP in this post-wTBS stop experiment 
could be explained by the small heterosynaptic poten-
tiation. Therefore, interrupting stimulation following the 
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wTBS also substantially reduced, if not abolished, the 
STC effect.
Discussion
In the present study we have extended our work that 
has investigated the hypothesis that CP-AMPARs are 
important for the STC effect [18, 20]. We performed four 
interleaved sets of experiments (A–D) that support the 
notion that CP-AMPARs are critically involved in this 
process.
In set A, we confirmed our own observation, with 
an entirely new data set, that a wTBS delivered 30 min 
after a sTBS on an independent input leads to a greatly 
enhanced LTP compared to that induced by a wTBS 
Fig. 1 Evidence that wTBS before sTBS does not effectively trigger heterosynaptic metaplasticity. a Two‑input experiment that shows that a 
wTBS (15 pulses) induces a small, persistent input‑specific LTP (n = 8). In this and subsequent time‑course plots the data are mean ± SEM and 
representative traces show the superimposition of baseline and potentiated fEPSPs (averages of 5 successive records at the times indicated by 
numbers). b Delivery of a sTBS to one input (filled circles) resulted in a small heterosynaptic LTP in the second input plus an enhanced LTP induced 
by a wTBS (open symbols; n = 11). c Delivery of a wTBS to one input (open circles) resulted in a small LTP that was not appreciably affected by a 
subsequent sTBS on the other input (n = 8). d Superimposition of the LTP induced by the wTBS illustrated in panels a and b. e Superimposition 
of the LTP induced by the wTBS illustrated in panels a and c. f Quantification of the level of LTP, 90 min post wTBS (wLTP) under conditions of no 
priming (grey bar and data points), sTBS before wTBS (S→W) (white) and wTBS before sTBS (W→S) (brown). The bar graphs present the mean data 
± SEM (**p < 0.01) and the cumulative distribution plots present each individual result along with a dashed line to show each group mean
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alone. This result is fully in agreement with the original 
STC experiments of Frey and Morris [8]. Previously we 
showed that it is the timing rather than the strength per 
se of the “strong” TBS that is critical for the STC effect 
[18]. We compared two protocols, each three episodes of 
theta (75 pulses in total) where the inter-episodes were 
either 10 s (compressed) or 10 min (spaced) and observed 
the STC effect only with the spaced protocol. Other work 
had shown that compressed and spaced LTP induction 
protocols differ in that the latter specifically engages a 
component of LTP that requires activation of PKA and 
de novo protein synthesis (e.g., [11]) and CP-AMPARs 
[17]. In the present study we therefore used our standard 
spaced TBS protocol as the “strong” stimulus.
Since CP-AMPARs are only transiently inserted into 
these synapses, with a dwell time in the order of min-
utes [19], we previously hypothesized [20] and then 
demonstrated [18] that these receptors could serve to 
“tag” synapses for enhanced LTP. Our data support a 
model whereby the sTBS initiates local de novo protein 
Fig. 2 Evidence that stopping stimulation impairs heterosynaptic metaplasticity. a An experiment performed as in Fig. 1b, except that stimulation 
was paused on both inputs for 10 min following the 2nd TBS and 20 min following the 3rd TBS (n = 9). b An experiment performed as in Fig. 1b, 
except that stimulation on both inputs was paused for 20 min following the wTBS (n = 12). c Superimposition of the LTP induced by the wTBS 
illustrated in a, Fig. 1a, b. d Superimposition of the LTP induced by the wTBS illustrated in b, Fig. 1a, b. e Quantification of the level of LTP induced 
by the sTBS for these experiments, 120 min post sTBS. f Quantification of the level of LTP induced by the wTBS for these experiments, 90 min post 
wTBS. *p < 0.05, **p < 0.01, ***p < 0.001, comparisons vs. sTBS
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synthesis by leading to the transient insertion of CP-
AMPARs in a two-step process that requires, firstly, the 
insertion of these receptors at perisynaptic sites and, 
secondly, their movement into the synapse [17]. The first 
TBS in the episode solely engages the first step whereas 
the subsequent TBS episodes drives these newly plasma 
membrane inserted CP-AMPARs into the synapse. This 
mechanism can fully account for why spaced protocols 
are required to generate the protein synthesis-depend-
ent component of LTP, that is commonly referred to as 
LTP2 [3] or late-phase LTP [11]. Since the sTBS enables 
enhanced LTP at a heterosynaptic input, as defined by 
the lack of heterosynaptic paired-pulse facilitation, we 
referred to the process as heterosynaptic priming [18], 
which is a form of heterosynaptic metaplasticity [12].
The order of presentation of “strong” and “weak” induction 
protocols
In set B, we examined the effects of delivering the wTBS 
before the sTBS. According to the original STC hypoth-
esis this should also be effective, though less so than 
delivery of the sTBS beforehand (see [8, 9]). However, 
according to our CP-AMPAR mechanism, the wTBS 
before the sTBS should not be effective. This is because 
a single episode of TBS, as in our wTBS protocol, would 
not be expected to drive CP-AMPARs into the synapse, 
under the conditions of our experiments. Consistent 
with our hypothesis we did not observe a significant STC 
effect when we delivered the wTBS before the sTBS. We 
did, however, observe a trend for a facilitation of the sub-
sequent LTP but we believe that this can be accounted for 
by the small heterosynaptic LTP that accompanies LTP 
induced by a sTBS [8, 18]. Therefore, we can conclude 
that to establish this form of heterosynaptic metaplastic-
ity the “strong” stimulus must precede the “weak” stimu-
lus under our experimental conditions. Of course, this 
doesn’t discount the weak before strong protocol being 
effective under different circumstances. Although a sin-
gle episode of TBS does not drive CP-AMPARs into syn-
apses under the conditions of our experiments, there are 
conditions under which it can. For example, in the pres-
ence of rolipram, to inhibit breakdown of cAMP, a weak 
TBS effectively drives CP-AMPARs into synapses [16]. 
Also, neuromodulators, such as noradrenaline, enable a 
weak induction protocol to generate protein synthesis-
dependent LTP [7, 25]. Finally, acute stress can drive 
CP-AMPARs into synapses and thereby facilitate LTP 
[24]. Indeed, the multiple ways of enhancing the synap-
tic insertion of CP-AMPARs likely has functional signifi-
cance for neuromodulation.
In summary, our new observations are fully consistent 
with the role of CP-AMPARs in triggering heterosynaptic 
metaplasticity, since a sTBS, but not a wTBS, can drive 
the synaptic insertion of CP-AMPARs. However, we can-
not discount the existence of other forms of heterosyn-
aptic metaplasticity that may operate under different 
experimental conditions and may conform more closely 
with the predictions of the original STC hypothesis.
The requirement for synaptic activation post TBS
In set C, we explored whether stopping stimulation for 
20 min following the sTBS was sufficient to prevent het-
erosynaptic metaplasticity. The logic behind this experi-
ment is: if basal (low frequency) stimulation is required 
to activate the newly inserted CP-AMPARs to drive  Ca2+ 
into the synapse [15] then stopping stimulation should 
have the equivalent effect on synaptic strength as apply-
ing a CP-AMPAR blocker, such as IEM-1460 [18]. This 
is indeed what we observed. For these experiments we 
also stopped stimulation following the delivery of the 
second TBS episode (apart from a few stimuli to moni-
tor the level of potentiation) because these stimuli would 
be expected to activate the newly synaptically-inserted 
CP-AMPARs. The complete elimination of heterosyn-
aptic metaplasticity by stopping stimulation re-enforces 
the essential role of CP-AMPARs in driving the process 
during the time window following the TBS protocol. In 
other words, by stopping stimulation during and follow-
ing the sTBS, any membrane inserted CP-AMPARs are 
not activated to any appreciable extent and get passively 
removed. This results in a smaller LTP on the homosyn-
aptic input, as reported previously [16, 20] and confirmed 
here, and no facilitation of LTP at the heterosynaptic 
input, as demonstrated here for the first time. At this 
juncture, we cannot dismiss the possibility that stopping 
stimulation has additional actions independent of CP-
AMPARs that contribute to the effects that we observe. 
However, the simplest explanation is based solely around 
the activation of CP-AMPARs.
In set D, we asked whether stopping stimulation for 20 
min following the wTBS was required for heterosynap-
tic metaplasticity. We again observed a significant effect, 
which is consistent with what we observed previously 
with IEM-1460. A partial inhibition of the STC effect was 
previously reported when an inhibitor of de novo protein 
synthesis is applied [2, 18]. Therefore, we can conclude 
that for the heterosynaptic metaplasticity to be optimally 
observed there has to be de novo protein synthesis trig-
gered by CP-AMPARs that become synaptically avail-
able following the wTBS. The simplest explanation for 
this finding is that a sTBS not only drives CP-AMPARs 
homosynaptically but also drives CP-AMPARs heter-
osynaptically. In some cases, they may be inserted into 
the synapse where they mediate the small heterosynap-
tic LTP that is often observed when a protein synthesis-
dependent LTP is induced. In other instances, they may 
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dwell at perisynaptic sites awaiting a stimulus to drive 
them into the synapse, which the wTBS is able to do. In 
other words, they tag synapses for protein synthesis-
dependent synaptic plasticity. Accordingly, a wTBS is 
able to drive these CP-AMPARs into the synapse where 
basal stimulation activates them to initiate highly local-
ized protein synthesis. Appealing as this mechanism is, it 
is unlikely to be the entire explanation, since either stop-
ping stimulation or the application of inhibitors of either 
CP-AMPARs or de novo protein synthesis only partially 
inhibits the heterosynaptic facilitation of LTP. At a subset 
of synapses, it is possible that the necessary activation of 
CP-AMPARs and de novo protein synthesis has already 
taken place and that the wTBS is just required to activate 
N-methyl-d-aspartate receptors (NMDARs) for a differ-
ent necessary component of the induction process. Fur-
ther work will be required to establish more precisely the 
underlying mechanisms of these two components of het-
erosynaptic metaplasticity.
Multiple forms of LTP and the roles of multiple subtypes 
of glutamate receptors
The role of glutamate receptors in LTP at the Schaffer 
collateral-commissural pathway is complex. Initially, it 
was shown that NMDARs are required [6]. Next it was 
found that mGluRs are sometimes necessary [5]. A role 
for CP-AMPARs was then identified in a KO mouse line, 
in which the GluA2 subunit was deleted [13]. Finally, a 
role for kainate receptors was found at these synapses at 
an early developmental stage [14]. LTP is similarly com-
plex, comprising a family of overlapping processes that all 
require the activation of NMDARs under most circum-
stances. There is an initial potentiation, termed short-
term potentiation (STP), that decays as the pathway is 
stimulated [23]. Then there are two forms of LTP that 
are stable over many hours (LTP1 and LTP2) that are dis-
tinguished on the basis of their requirement for de novo 
protein synthesis [4]. Longer lasting forms of LTP also 
require transcription (LTP3). Here we have focused on 
LTP1 and LTP2. We have provided additional evidence 
that CP-AMPARs confer heterosynaptic metaplasticity 
by priming synapses for enhanced LTP (i.e., converting 
LTP1 into LTP2 at the primed synapses). This process 
is therefore distinct from the role of mGluRs in LTP at 
these synapses where they are involved in a metaplastic-
ity that is entirely homosynaptic in nature [5], though 
again involves de novo protein synthesis [21].
As originally hypothesised, the STC process is an ideal 
candidate synaptic mechanism for long-lasting associa-
tive memory [8]. Initially it was assumed that the de novo 
protein synthesis occurred at the soma and hence a tag 
was required to capture PRPs at synapses to enable their 
amplification. Subsequently, it was assumed that protein 
synthesis may occur locally [22]. Our mechanism [18] is 
based on local protein synthesis. Accordingly, the role of 
the tag is not to capture PRPs per se, but to mark a sur-
round of synapses that are able to undergo enhanced LTP 
by enabling an LTP1-inducing stimulus to generate LTP2. 
This mechanism is entirely consistent with the notion of 
clustered synaptic plasticity [10]. A hypothetical scheme 
for the STC process appears in Additional file 1: Figure 1.
Concluding remarks
In summary, we can conclude that CP-AMPARs are an 
integral part of a form of heterosynaptic metaplasticity 
that is commonly referred to as the STC process. CP-
AMPARs are inserted into the synapse in two stages, 
firstly via an NMDAR-triggered PKA-dependent inser-
tion into perisynaptic sites and then by an NMDAR-
triggered CaMKII-dependent movement into the 
synapse [19]. The former provides many opportunities 
for modulation via neurotransmitters and other factors 
that regulate cAMP levels in neurons. It also enables a 
heterosynaptic nature to synaptic plasticity, since CP-
AMPARs may be inserted at sites outside of the activated 
synapses. The dwell time of CP-AMPARs on the plasma 
membrane is in the order of minutes so that they can 
associate signals that are appropriately spaced in time.
Methods
Experiments were performed as described in Park 
et  al. [18]. Briefly, transverse hippocampal slices (400 
μm) were prepared from male C57BL/6 mice (10–12 
weeks of age) using a vibratome (Leica, VT1200S). 
The CA3 region was cut, with a scalpel blade, to sup-
press the upstream neuronal excitability, and the slices 
were transferred to an incubation chamber that con-
tained the recording solution (artificial cerebrospinal 
fluid, ACSF, mM): 124 NaCl, 3 KCl, 26  NaHCO3, 1.25 
 NaH2PO4, 2  MgSO4, 2  CaCl2 and 10 d-glucose (carbon-
ated with 95%  O2 and 5%  CO2). Slices were allowed to 
recover at 32–34 °C for 30 min, and then maintained at 
26–28 °C for a minimum of 1 h before recordings were 
made. Hippocampal slices were continuously perfused 
at 3–4 mL/min with the oxygenated ACSF at 32 °C. 
Two bipolar stimulating electrodes were positioned in 
stratum radiatum on either side of the recording elec-
trode at approximately the same distance from the cell 
body layer. Two independent Schaffer collateral-com-
missural pathways were stimulated alternately to obtain 
the evoked synaptic responses, each at a frequency of 
0.1 Hz. The initial slope of the evoked field excitatory 
postsynaptic potential (fEPSP; V/s) was monitored and 
analysed using WinLTP [1]. Following a stable base-
line period of at least 40 min, LTP was induced using 
Page 7 of 8Park et al. Mol Brain           (2021) 14:26  
theta-burst stimulation (TBS) delivered at the same 
basal stimulus intensity and pulse width (0.1 ms, con-
stant voltage stimulator). An episode of TBS comprised 
bursts of 5 pulses at 100 Hz delivered at 5 Hz. The wTBS 
consisted of one episode of 3 bursts (i.e., 15 pulses in 
total). The sTBS comprised 3 episodes, each of 5 bursts, 
delivered with an inter-episode interval of 10 min (i.e., 
75 pulses in total). Each experiment was performed 
on a slice obtained from a different mouse; therefore, 
n values denote both numbers of slices and mice used. 
Representative sample traces are an average of 5 con-
secutive responses, collected from typical experiments 
(stimulus artefacts were blanked for clarity). All four 
groups (A-D) were interleaved. Data are presented as 
mean ± SEM (standard error of the mean). Responses 
were normalised to the baseline prior to LTP induction, 
and data are expressed as % baseline. Statistical signifi-
cance was assessed using one-way ANOVA with Bon-
ferroni’s correction; the level of significance is denoted 
on the figures as follows: *p < 0.05, **p < 0.01 and ***p 
< 0.001.
Supplementary Information
The online version contains supplementary material available at https ://doi.
org/10.1186/s1304 1‑021‑00737 ‑2.
Additional file 1: Figure 1. Hypothetical scheme for heterosynaptic 
metaplasticity.
Abbreviations
AMPARs: α‑Amino‑3‑hydroxy‑5‑methyl‑4‑isoxazolepropionic acid receptor; 
CI‑AMPARs: Calcium‑impermeable AMPARs; CP‑AMPARs: Calcium‑permeable 
AMPARs; fEPSP: Field excitatory postsynaptic potential; LTP: Long‑term poten‑
tiation; LTP1: Protein synthesis‑independent component of LTP; LTP2: Protein 
synthesis‑dependent component of LTP; LTP3: Transcription‑dependent com‑
ponent of LTP; NMDAR: N‑methyl‑D‑aspartate receptor; PRPs: Plasticity‑related 
proteins; sTBS: Spaced TBS; STC: Synaptic tag and capture; STP: Short‑term 




PP and HK performed the experiments, analysis and prepared the manuscript. 
JG, MZ, and B‑KK contributed to the work and co‑wrote the manuscript. GC 
designed the studies and co‑wrote the manuscript. All authors read and 
approved the final manuscript.
Funding
This work was supported by the CIHR (GLC), the EJLB‑CIHR Michael Smith 
Chair in Neurosciences and Mental Health, Canada Research Chair, and Cana‑
dian Institute for Health Research operating Grants (CIHR66975 and 84256) 
(MZ) and the National Honor Scientist Program of the National Research 
Foundation funded by the South Korea Government (B‑KK). This work was 
also supported by the Brain Canada Foundation through the Canada Brain 
Research Fund, with the financial support of Health Canada.
Availability of data and materials
Key data supporting the conclusions of this article are included within the 
article. The datasets used and/or analysed are available from the correspond‑
ing author on reasonable request.
Ethics approval and consent to participate
Research was carried out according to the UK Animals (Scientific Procedures) 
Act of 1986 and approved by the Institutional Animal Care and Use Commit‑




The authors declare no competing financial or non‑financial interests.
Author details
1 School of Biological Sciences, College of Natural Sciences, Seoul National 
University, Seoul 08826, Korea. 2 Department of Physiology, Faculty of Medi‑
cine, University of Toronto, 1 King’s College Circle, Toronto, ON M5S 1A8, 
Canada. 3 Lunenfeld‑Tanenbaum Research Institute, Mount Sinai Hospital, 
Toronto, ON M5G 1X5, Canada. 4 Glutamate Receptor Group, School of Physiol‑
ogy, Pharmacology and Neuroscience, University of Bristol, Dorothy Hodgkin 
Building, Whitson Street, Bristol BS1 3NY, UK. 5 TANZ Centre for Research 
in Neurodegenerative Diseases, University of Toronto, Toronto, ON M5S 1A8, 
Canada. 
Received: 1 December 2020   Accepted: 16 January 2021
References
 1. Anderson WW, Collingridge GL. Capabilities of the WinLTP data acquisi‑
tion program extending beyond basic LTP experimental functions. J 
Neurosci Methods. 2007;162:346–56.
 2. Barco A, Alarcon JM, Kandel ER. Expression of constitutively active CREB 
protein facilitates the late phase of long‑term potentiation by enhancing 
synaptic capture. Cell. 2002;108:689–703.
 3. Bliss TVP, Collingridge GL. A synaptic model of memory: long‑term poten‑
tiation in the hippocampus. Nature. 1993;361:31–9.
 4. Bliss TVP, Collingridge GL, Morris RGM, Reymann KG. Long‑term potentia‑
tion in the hippocampus: discovery, mechanisms and function. Neurofo‑
rum. 2018;24:A103‑120. https ://doi.org/10.1515/nf‑2017‑A059.
 5. Bortolotto ZA, Bashir ZI, Davies CH, Collingridge GL. A molecular switch 
activated by metabotropic glutamate receptors regulates induction of 
long‑term potentiation. Nature. 1994;368:740–3.
 6. Collingridge GL, Kehl SJ, McLennan H. Excitatory amino acids in synaptic 
transmission in the Schaffer collateral‑commissural pathway of the rat 
hippocampus. J Physiol. 1983;334:33–46.
 7. Connor SA, Wang YT, Nguyen PV. Activation of {beta}‑adrenergic recep‑
tors facilitates heterosynaptic translation‑dependent long‑term potentia‑
tion. J Physiol. 2011;589:4321–40.
 8. Frey U, Morris RG. Synaptic tagging and long‑term potentiation. Nature. 
1997;385:533–6.
 9. Frey U, Morris RG. Weak before strong: dissociating synaptic tag‑
ging and plasticity‑factor accounts of late‑LTP. Neuropharmacology. 
1998;37:545–52.
 10. Govindarajan A, Israely I, Huang S‑Y, Tonegawa S. The dendritic branch 
is the preferred integrative unit for protein synthesis‑dependent LTP. 
Neuron. 2011;69:132–46.
 11. Huang YY, Kandel ER. Recruitment of long‑lasting and protein kinase 
A‑dependent long‑term potentiation in the CA1 region of hippocampus 
requires repeated tetanization. Learn Mem. 1994;1:74–82.
 12. Hulme SR, Jones OD, Raymond CR, Sah P, Abraham WC. Mechanisms of 
heterosynaptic metaplasticity. Philos Trans R Soc B. 2014;369:20130148.
 13. Jia Z, Agopyan N, Miu P, Xiong Z, Henderson J, Gerlai R, Taverna FA, 
Velumian A, MacDonald J, Carlen P, Abramow‑Newerly W, Roder J. 
Enhanced LTP in mice deficient in the AMPA receptor GluR2. Neuron. 
1996;17:945–56.
Page 8 of 8Park et al. Mol Brain           (2021) 14:26 
•
 
fast, convenient online submission
 •
  
thorough peer review by experienced researchers in your field
• 
 
rapid publication on acceptance
• 
 
support for research data, including large and complex data types
•
  
gold Open Access which fosters wider collaboration and increased citations 
 
maximum visibility for your research: over 100M website views per year •
  At BMC, research is always in progress.
Learn more biomedcentral.com/submissions
Ready to submit your research ?  Choose BMC and benefit from: 
 14. Lauri SE, Vesikansa A, Segerstrale M, Collingridge GL, Isaac JTR, Taira T. 
Functional maturation of CA1 synapses involves activity‑dependent 
loss of tonic kainate receptor‑mediated inhibition of glutamate release. 
Neuron. 2006;50:415–29.
 15. Morita D, Rah J‑C, Isaac JTR. Incorporation of inwardly rectifying AMPA 
receptors at silent synapses during hippocampal long‑term potentiation. 
Philos Trans R Soc B. 2014;369:20130156.
 16. Park P, Sanderson TM, Amici M, Choi S‑L, Bortolotto ZA, Zhuo M, Kaang 
B‑K, Collingridge GL. Calcium‑permeable AMPA receptors mediate the 
induction of the protein kinase A‑dependent component of long‑term 
potentiation in the hippocampus. J Neurosci. 2016;36:622–31.
 17. Park P, Kang H, Sanderson TM, Bortolotto ZA, Georgiou J, Zhuo M, Kaang 
B‑K, Collingridge GL. The role of calcium‑permeable AMPARs in long‑term 
potentiation at principal neurons in the rodent hippocampus. Front 
Synaptic Neurosci. 2018;10:42.
 18. Park P, Kang H, Sanderson TM, Bortolotto ZA, Georgiou J, Zhuo M, Kaang 
B‑K, Collingridge GL. On the role of calcium‑permeable AMPARs in long‑
term potentiation and synaptic tagging in the rodent hippocampus. 
Front Synaptic Neurosci. 2019;11:4598.
 19. Park P, Georgiou J, Sanderson TM, Ko K‑H, Kang H, Kim J‑I, Bradley CA, Bor‑
tolotto ZA, Zhuo M, Kaang B‑K, Collingridge GL. PKA drives an increase in 
AMPA receptor unitary conductance during LTP in the hippocampus. Nat 
Commun. 2021;12(1):413. https ://doi.org/10.1038/s4146 7‑020‑20523 ‑3.
 20. Plant K, Pelkey KA, Bortolotto ZA, Morita D, Terashima A, McBain CJ, 
Collingridge GL, Isaac JTR. Transient incorporation of native GluR2‑lacking 
AMPA receptors during hippocampal long‑term potentiation. Nat Neuro‑
sci. 2006;9:602–4.
 21. Raymond CR, Thompson VL, Tate WP, Abraham WC. Metabotropic 
glutamate receptors trigger homosynaptic protein synthesis to prolong 
long‑term potentiation. J Neurosci. 2000;20:969–76.
 22. Redondo RL, Morris RGM. Making memories last: the synaptic tagging 
and capture hypothesis. Nat Rev Neurosci. 2011;12:17–30.
 23. Volianskis A, Jensen MS. Transient and sustained types of long‑term 
potentiation in the CA1 area of the rat hippocampus. J Physiol. 
2003;550:459–92.
 24. Whitehead G, Jo J, Hogg EL, Piers T, Kim D‑H, Seaton G, Seok H, Bru‑Mer‑
cier G, Son GH, Regan P, Hildebrandt L, Waite E, Kim B‑C, Kerrigan TL, Kim 
K, Whitcomb DJ, Collingridge GL, Lightman SL, Cho K. Acute stress causes 
rapid synaptic insertion of Ca2+ ‑permeable AMPA receptors to facilitate 
long‑term potentiation in the hippocampus. Brain. 2013;136:3753–65.
 25. Zhang M, Patriarchi T, Stein IS, Qian H, Matt L, Nguyen M, Xiang YK, 
Hell JW. Adenylyl cyclase anchoring by a kinase anchor protein AKAP5 
(AKAP79/150) is important for postsynaptic β‑adrenergic signaling. J Biol 
Chem. 2013;288:17918–31.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.
